An increasing number of earthquake precursors have been observed by geoelectromagnetic stations; however, the statistical characteristics of the earthquake and geoelectric field (GEF) are not well known. Based on the sliding correlation method (SCM) and its validity test, we analyzed 125 months of continuous data from the Pingliang (PL) GEF station in China. Two factors, seismic energy and epicentral distance (D), were used to select the earthquake events. When the lower limit of the magnitude energy is set as 10 6 J/km 2 , the number of earthquake events in area A (D < 200 km) is 36, and the number of seismic events in area B (200 km ≤ D < 365 km) is 34.
Introduction
Before and during earthquakes, seismic electromagnetic signals can be produced. These signals have been widely recognized by researchers [e.g. Varotsos et al., 1981; Varotsos and Alexopoulos, 1984a; Park et al., 1993; Huang, 2002 Huang, , 2005 Huang, , 2011 Tang et al., 2010; Uyeda et al., 2009 ]. The geoelectric field (GEF) is mainly used to observe and study anomalous phenomena related to earthquakes. Under normal conditions, for example no man-made disturbance or space electromagnetic activity etc, spectrum analysis results show that the GEF not only reveals the tidal components of different periods, e.g., full day and half days [e.g. Huang and Liu, 2006; Tan et al., 2012] , it also reveals the characteristics of seasonal variations .
After earthquakes have occurred, we can compare their occurrence with the normal conditions to conduct a retrospective investigation of the earthquake events. It is suspected that the anomalous variation phenomenon is related to the earthquake, e.g., the distortion of the waveforms of the GEF before the earthquakes and the fact that the low frequency components of the GEF increase in power (DC-ULF) before earthquakes [Uyeda et al., 2002; Eftaxias et al., 2001; Fan et al., 2010; An et al., 2011 An et al., , 2013 . Related analysis of the retrospective test of typical earthquake events has been conducted. The number of suspected anomalous GEFs related to earthquakes is limited by the number of earthquake samples and lacks universality or statistical significance. In particular, the statistical correlation between the timing of the GEF anomalies and that of earthquakes is still unclear.
The process of earthquake occurrence caused by the rupture of underground medium is a very complicated geodynamic process, which is accompanied by various physical phenomena, one of which is the electromagnetic anomaly that occurs before the earthquake [Huang, 2005; Thanassoulas, 2007; Orihara, 2012] . At present, because the physical mechanism of the anomalous variation of the GEF before the earthquake is still unclear, statistical analyses may be another feasible method to study the statistical correlation between the GEF and an earthquake event.
Earlier statistical studies [Thanassoulas and Tselentis, 1993; Ifantis et al., 1995 Ifantis et al., , 1997 Ifantis, 2002] show that the observation stations a certain distance from the epicenter may detect the low frequency (24±8h) component enhancement before an earthquake. Recent statistical studies [Sarlis, 2018] have also shown that the anomalous GEF phenomena are statistically significant earthquake precursors with lead times in four distinct periods: 3 to 9 days, 18 to 24days, 43 to 47days and 58 to 62 days.
In this paper, a sliding correlation method (SCM) [Jiang et al., 2016] based on statistical significance is introduced and used to investigate the correlation between the variation in the diurnal energy of the GEF and the energy of the earthquake events. We use data from the Pingliang (PL) GEF station in the Gansu Province of China. The statistical characteristics of the anomalous occurrence time of GEFs during earthquakes are analyzed. First, the methods of GEF observation, the performance of the observational instruments, and the principles of seismic event selection are introduced. Then, the SCM is briefly introduced, and the validity of the method is verified using a random signal. Last, the results of the investigation are analyzed and discussed in conjunction with the structural characteristics of the fault zone in the investigation area, a numerical simulation of the GEF anomalies, and laboratory rock fracturing experiments.
GEF Observation and Earthquake Selection

Introduction of GEF observation
According to the Greek VAN method [Varotsos et al., 1981] , it is possible to capture the precursor information for earthquakes by measuring the GEF. The PL station (35 o 54'N, 106 o 56'E, elevation 1357 m) is located in the Gansu province of China, the small structures around the station are very well developed, mainly in the Liupanshan active fault zone. The strata mainly contain continental rocks and igneous rocks are exposed in some areas. The observation system used by the PL station adopts an L-shaped pattern (Fig. 1a ), and the observation channels are aligned in the north-south (NS), east-west (EW), and north-east (NE) directions. Along each of these directions, long and short electrode tracks were installed ( Fig. 1b) with a long polar distance of 300 m and a short polar distance of 200 m. The measuring electrode is a solid nonpolarized electrode (Fig. 1c ), and its related parameters are presented in Table 1 . The burial depth of the electrodes is approximately 3.5 m. The data acquisition instrument is a special digital observation instrument (zd9a-II digital GEF instrument, as shown in Figure 1d ) developed and produced by the Institute of Earthquake Forecasting, China Earthquake Administration. The relevant parameters for this instrument are presented in Table 2 . When the observation curves exhibited step or irregular variations, the relevant personnel conducted an inspection and recorded the results in accordance with regulations. The monthly correlation coefficients of the long and short polar distances of PL station are all greater than 0.85.
The observation area of the station has a good environment, which provides high quality observation data for our investigation.
GEF data processing (E series)
The data collection started in January 2008 and ended in May 2018 (3804 days). In cases where the original observation data were deleted due to lightning, human activities, etc., based on the pre-processed observation data, the daily mean energy of the GEF was calculated. All of the daily mean energies constitute the GEF time series (E series) used in the analysis with the length of 3804 days. The corresponding formulas are as follows: where E i is the measured GEF value at the ith minute, in mV/km. N is the number of data per day (local time), at the normal condition N equal to 1440. After the preprocessing and calculations were conducted, the daily energy curves of the three channels at PL station were plotted (Fig. 2) . The abscissa represent time, the ordinate represent energy, and different colored curves represent different channels, i.e., pink represents NS, blue represents EW, and green represents NE.
Based on the remote reference station theory of magnetotelluric sounding, the correlation between two stations in the same direction was analyzed using the Shandan (SHD) GEF station (the reference station) in Gansu Province, which is approximately 610 km from the PL GEF station (Fig. 3) . The results show that the correlation coefficients of the NS and EW directions of two stations are 0.851 and 0.777, respectively. The strong correlation show the observational data of PL GEF station have high accuracy in normal condition, the main proportion of data may be dominated by the same external source, while the local electric field induced by the streaming-electrokinetic phenomena [Corwin and Morrison, 1977; Fitterman, 1978] , piezostimulated phenomena [Varotsos, 2005; Alexopoulos, 1984a,1986] , or rock fracturing phenomena [Ogawa et al., 1985] , etc., has a small proportion.
Figure 2
The daily mean energy curves for the PL station.
Figure 3
The correlation between PL and SHD stations for the NS and EW channels The red line is the fitting line; the blue dots represent the correlation coefficient
Seismic event processing (M series)
Whether a GEF station can observe earthquake anomalies is dependent on the magnitude of the earthquake's energy and the epicentral distance (D) [Zhuang et al., 2005; Zhao et al., 2009 ]. In the process of selecting earthquake events, two factors, seismic energy and D, are considered, and the calculation method of determining seismic energy presented by Gutenberg and Richter [1956] , Hattori et al. [2006] , and Han et al. [2014] is adopted. Equation (2) is used to calculate the energy of a single earthquake event, and Equation (3) is used to calculate the sum of the seismic energy of each day. ( 3) where i en M , is the energy released by the ith earthquake in J/km 2 ; i M is the magnitude of the ith earthquake; D i is the epicentral distance of the ith earthquake in km, N is the total number of earthquake events, and M en and N day represent the total energy released and the number of earthquakes in one day, respectively. In order to improve the reliability of the results, the energy limit of a single earthquake event should be 10 6 J/km 2 . That is to say, the minimum magnitude considered for an epicentral distance of 100 km is 3.5.
We will fill it with '0' when do not have earthquake event in someday, after the logarithm of the daily energy (M en ) calculation results in all time periods is taken, the earthquake event sequence (M series) used in the study is constructed. Because we want to study the characteristics of GEF before and after earthquakes for two months (total 121days), so, the maximum length of calculated series is 3683 days. In this paper, the distributions of seismic events in two regions (A and B) take into account the fact that the seismic energy should exceed the energy limit of 10 6 J/km 2 , and the number of seismic events in the two areas should be similar in order to facilitate the comparison about the results. In accordance with these requirements, the final number of qualified earthquakes in area A is 36 and the number in area B is 34. The selected information for seismic events is shown in Tables 3 and 4. The original earthquake catalogue was obtained from the China Earthquake Datacenter (http://data.earthquake.cn). The locations of GEF stations, earthquakes, and faults are shown in Figure 4 . 
Data Analysis Method
The occurrence of an earthquake event is a very complicated geodynamic process, and the anomaly phenomenon before the earthquake varies. However, earthquakes are caused by tectonic movement with similar geodynamic process. For all earthquakes, or all earthquakes of a specific type, the corresponding anomalies related to earthquakes may share similar temporal distribution characteristics [Fan and Che, 2002; Zhang et al., 2005] . Correlation analysis is a basic statistical tool. GEF anomalies may occur before or after an earthquake, i.e., there may be synchronous or asynchronous correlation between earthquake events and GEF observations. In this paper, the SCM is used to investigate the statistical characteristics of seismic anomalies in the GEF.
Method introduction
In this paper, the earthquake energy sequence (M series) relative to the GEF energy series (E series) sliding by day and calculate the correlation coefficient (R series) between them. In the process of calculation, E i derived from the E series and it's length is same with M series, we make E i series fasten and then make M series slide to the left or right, and calculate the correlation coefficient (R i ) each step. When the earthquake and the GEF anomaly occur simultaneously, the R of the two series (M and E i ) can be calculated without relative sliding. When the GEF anomaly occurs before the earthquake, it is necessary to slide the M series to the left, and the calculated R represents the correlation before the earthquake, otherwise, it is necessary to slide the M series to the right, and the R represents the correlation after the earthquake. The correlation coefficient of the two series is as follows: -60, 60] . (4) where M and E i are the same length (E i is derived from the long sequence, and M is the short sequence), i is the serial number. E i,k and M k are the kth sampling values in the E i and M series, respectively, and M and i E are the corresponding average values. In this paper, m is the length of the two equal time series in the calculation, m=3683. i ME R is the ith correlation coefficient. Through the relative sliding of the two series, we can obtain the continuous change of the correlation coefficient.
Validity verification
A long sequence containing 301 samples is randomly generated, with a minimum value of 1 and a maximum value of 8, as shown in Fig. 5a . Two subsequences, E1[50:90] and E2[180:220], were selected, and the M time series (Fig. 5b) was obtained through the average calculation, so the information in subseries E1 and E2 is included in M. According to the theory and calculation of the SCM, the M time series slid to the left or right of E. When M slides to the location of E1 or E2, the calculated correlation is more significant than for other positions. Figure 5c shows the results of the 90 data points of the left and right slipping data and demonstrates that the correlation coefficient increases relative to the position of E1 and E2. Therefore, this method can accurately determine the position of correlated signals in different time series, which verifies the validity of the SCM. 
Random test
The SCM was used to analyze the daily mean energy of the PL GEF from January 2008 to May 2018. The method of earthquake selection is described in section 2.3. Figures 6 and 7 show the results for areas A and B, respectively. The abscissa indicates the relative number of sliding days. The "0" value represents the day of the earthquake. The correlation coefficient at that time reflects the synchronous correlation between the GEF and the earthquake. The negative values of the abscissa indicate the correlation (left slip) before the earthquake, while the positive value indicates the correlation (right slip) after the earthquake. The ordinate is the sliding correlation coefficient of the two time series. The different color curves represent the sliding correlation results of the GEF in different directions, and the corresponding color lines represent the average value of 1000 times random test.
In this paper, the random test is performed, that is, the random disorderly operation of the catalogue and the SCM calculation are carried out, and the mean value of the correlation coefficient obtained by repeating this process 1000 times is taken as the criterion for the deterministic anomaly. When three or more consecutive points exceed this criterion, they are regarded as significant abnormal points. As can be seen from Figure 6 , the seismic events located in area A have a good correlation with the GEF. The anomalous correlation coefficient phenomena are concentrated along the NS and NE directions; the anomalies occurred approximately 8-26 days before the earthquake and approximately 20 days after the earthquake. However, the anomalies are not continuous before or after the earthquake in the EW direction. Compared with area A, the characteristics of the correlation anomalies of the three channels in area B are not significant.
However, approximately 16-26 days before the earthquake and 40-55 days after the earthquake, a suspected abnormal phenomenon occurs in the NS and EW directions, but there is no abnormal phenomenon in the NE channel at this time.
Figure 6
The SCM correlation coefficient curves for the PL station in area A Pink represents the NS channel; blue represents the EW channel; and green represents the NE channel Figure 7 The results of the SCM method for the PL station in area B Pink represents the NS channel; blue represents the EW channel; and green represents the NE channel
Discussion
From the correlate coefficient result of PL and SHD station, we can concluded that the external source is the main proportion of data, so when analyzing the GEF data special attention should be paid to the magnetic influence. Usually, the magnetic influence will be record in all channels of GEF station [Zhang et al., 2006] , if the results above are affected by the magnetic storm, then the abnormal characteristics of three channels should have some similarity. In fact, the anomalies only appeared in the NS and NE, and there is no similar phenomenon in the EW channel. Therefore, it is deduced that our results obtained in this paper do not influence from the same external source (such as magnetic storm).
Compared with area A, there is no similar concentrated anomaly in area B, which may be due to the distance from the observation station to the epicenter of the seismic event, i.e., the seismic event is far away from the epicenter of the observation station, or due to the earthquake events located in different faults. For 16 out of 34 earthquakes, D is greater than 300 km, and the tectonic stress induced by these earthquakes is not enough to cause anomalies in the GEF at a long distance.
Alternatively, because the property of the seismogenic fault in area B is different [Zhang et al., 2010; Wu et al., 2016] , which leads to a lack of correlation between the GEF and the earthquake.
Although the results for area A show that the GEF has a concentrated anomaly with the seismic events, but the anomaly appears significant directional differences. The correlation features of the NS and NE channels are very similar, while the EW channel finding has almost no correlation features. Combined with the analysis of the geological structure of area A, it is concluded that the geological structure of this area is very well developed [Xie et al., 2000] , and the selected seismic events are concentrated on active faults such as the HaiYuan-LiuPanShan fault, the XiangShan-TianJingShan fault, and the YanCongShan fault. The strikes of these fault zones are primarily NS or NE and the maximum principal compression stress direction is NEE-SWW [Dai and Xu, 2016] . The existence of these faults makes the surface inhomogeneity of resistivity, or forms a particular channel for conducting electricity, which leads to the direction selectivity characteristics of the anomalous GEF before the earthquake [Huang and Lin, 2010] .
In terms of the microcosmic mechanism, one explanation is that when the medium of the seismogenic body is close to rupturing, the formation and expansion of the microcracks in the medium and the migration of charged ions in the fluid cause the change in the local electric field along the direction of the rupture of the medium [Varotsos and Alexopoulos, 1984a; Corwin and Morrison, 1977] . Another explanation is that the changes in the tectonic stress affect the formation and migration of the lattice defects in the rocks [Varotsos, 1977] and the fluidity of these free and bound lattice defects [Varotsos and Alexopoulos, 1978] . When the tectonic stress reaches the critical value, the relaxation time of these electric dipoles becomes very small which leads to the directional arrangement of the electric dipoles and the emission of transient electrical signals [Varotsos, 2005; Ma et al., 2009] . Recent studies by means of the analysis in a new time domain termed natural time reveal that a series of transient electric signals start when the fluctuations of the order parameter of seismicity become minimum .
Laboratory rock fracturing experiments show that electromagnetic radiation is produced during the fracture process, and the frequency ranges from very high frequencies to ultra-low frequencies. The long period radiation signals appear before short period signals [Qian et al., 1998 ], and these long periodic signals may lead to pre-, co-, and after-seismic correlation coefficient anomalies. In actual observations, many strong earthquakes have recorded electromagnetic radiation signals [Karakelian et al., 2002] during the microcracks and expansion of rocks in the late stage of earthquakes. Moreover, the problem puzzling the researchers, why is 8-26 days before earthquakes and 20 days after earthquakes of GEF anomalous variations occurred. Until now, these questions have not yet been answered clearly or fully. All of these require us to carry out more in-depth research and analysis in the future.
Finally, in order to exclude the magnetic influence and verify the uniqueness of the results for area A, the method of increasing or reducing the single seismic energy standard (10 5.5 J/km 2 ) was used to compare the results of the calculation. When the energy standard was raised to 10 6.5 J/km 2 , the number of qualified seismic events was only 15, which was not considered. When the energy standard was reduced to 10 5.5 J/km 2 , the number of seismic events increased to 59. The sliding correlation results are shown in Figure 8 . In the two cases, the results of each test are very similar, and the higher the energy standard of a single earthquake, the more significant the correlation of the calculated results, which is consistent with the fact that earthquakes with larger magnitudes are more likely to cause anomalies. The comparative analysis enhances the reliability and uniqueness of the correlation features of area A.
Figure 8
A comparative chart of area A Pink corresponds to 10 6 J/km 2 , and blue corresponds to 10 5.5 J/km 2 5 Conclusions By using the improved SCM and 125 months of data from the PL GEF station of China, the statistical characteristics of the GEF and earthquakes in two areas, A and B, were investigated and analyzed. In the earthquake processing part, we take into account the influence of D and earthquake's energy (≥10 6 J/km 2 )，36 earthquakes in area A and 34 in area B are considered. For obtaining reliability anomaly, the average results of 1000 times random test were chosen as the anomaly criterion, the following results were obtained:
For the area A, the abnormal phenomena are appeared along the NS and NE directions, that's centralized appearance approximately 8-26 days before the earthquakes and about 20 days after the earthquakes. But, that's interesting, the similar phenomena are not appeared in the EW direction at the same station. Compared with area A, the anomaly features are not concentrate and synchronous at three channels in area B, that's appeared seemingly 16-26 days before the earthquakes and 40-55 days after the earthquakes, these abnormal phenomenon occurs in the NS and EW directions, but there is no abnormal phenomena in the NE channel this time. The fault features and the earthquakes location in the two areas may be the most reasons, and the reasons worth to investigate deeply.
In addition, it is necessary to note that the limitations of the investigation results obtained in this paper. The statistical characteristics of stations located in different tectonic regions will be different, and the statistical characteristics of each GEF station and the earthquake events will be determined gradually, which can help to improve seismic information capture.
